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Transient receptor potential (TRP) proteins are a
large family of polymodal nonselective cation chan-
nels. The TRP vanilloid (TRPV) subfamily consists
of six homologous members with diverse functions.
TRPV1–TRPV4 are nonselective cation channels pro-
posed to play a role in nociception, while TRPV5 and
TRPV6 are involved in epithelial Ca2+ homeostasis.
Here we present the cryo-electron microscopy
(cryo-EM) structure of functional, full-length TRPV2
at 13.6 A˚ resolution. The map reveals that the
TRPV2 cytoplasmic domain displays a 4-fold petal-
like shape in which high-resolution N-terminal
ankyrin repeat domain (ARD) structures can be
unambiguously fitted. Fitting of the available ARD
structures for other TRPV subfamily members into
the TRPV2 EM map suggests that TRPV subfamily
members have highly homologous structural topol-
ogies. These results allowed us to postulate a struc-
tural explanation for the functional diversity among
TRPV channels and their differential regulation by
proteins and ligands.
INTRODUCTION
Transient receptor potential (TRP) proteins are a distinct family
of Ca2+-permeable nonselective cation channels originally iden-
tified to function in sensory transduction pathways (Venkatacha-
lam and Montell, 2007). Recently, TRP channels also have been
implicated in a diverse range of cellular processes, including
neuronal development, angiogenesis, cardiac and pulmonary
function, and cancer (Preti et al., 2012; Santoni and Farfariello,
2011; Shibasaki et al., 2010; Vennekens, 2011). The mammalian
TRP family is subcategorized into six major branches based on
amino acid sequence homology: vanilloid (TRPV), canonical,
melastatin, ankyrin, mucolipin, and polycystin. They are pre-
dicted to function as tetramers, with each monomer consisting
of six transmembrane helices (TM1–TM6) and varying sizes of260 Structure 22, 260–268, February 4, 2014 ª2014 Elsevier Ltd All rcytoplasmic amino- and carboxy termini (Li et al., 2011; Venka-
tachalam and Montell, 2007). Most TRP channels are polymodal
receptors that are activated andmodulated by a variety of chem-
ical and physical stimuli (Baez-Nieto et al., 2011).
Themammalian TRPV subfamily, consisting of sixmembers, is
the most extensively characterized subfamily of TRP channels
(Vennekens et al., 2008). TRPV channels are predicted to contain
six homologous N-terminal ankryin repeats per monomer and a
C-terminal TRP box domain (Gaudet, 2008; Ramsey et al., 2006).
TRPV1–TRPV4 are nonselective Ca2+-permeable cation chan-
nels known as thermoTRPVs due to their putative role in temper-
ature and pain sensation (Venkatachalam and Montell, 2007).
TRPV5 and TRPV6 are highly Ca2+-selective channels restricted
to epithelial cells (Venkatachalam and Montell, 2007).
Knockout of TRPV5 and TRPV6 validated their essential role
in epithelial Ca2+ handling, while genetic ablation of TRPV1
confirmed its role in pain and temperature detection in rodents
(Caterina et al., 2000). Genetic deletion of TRPV2–TRPV4 had
very little effect on sensory transduction (Huang et al., 2011;
Park et al., 2011). Nevertheless, TRPV2 and TRPV4 have been
shown to play an important role in skeletal, cardiac, and neuronal
physiology, whereas TRPV3 functions in keratinocytes. Despite
nearly 50% sequence homology among the TRPV channels,
the origin of their functional diversity remains an intriguing
question.
One of the first clues toward understanding the functional
diversity of TRPV channels came from the structural studies of
the N-terminal ankryin repeat domains (ARDs; Phelps et al.,
2008). Ankyrin repeats are the most common protein domain
structures, consisting of 33 amino acids that form an antiparallel
helix-turn-helix motif followed by a b-hairpin loop (Li et al., 2006).
ARDs interact with proteins and ligands via a concave ligand
binding surface, which consists of the b turn and the first a helix
from a varying number of repeats (Binz et al., 2004; Nakamura
et al., 2007). Atomic resolution structures of TRPV1, TRPV2,
TRPV4, and TRPV6 ARDs have given insight into diverse regula-
tion of TRPV channels by endogenous ligands such as ATP
(Lishko et al., 2007; Phelps et al., 2008, 2010). The overall struc-
tures of TRPV ARDs are similar; however, TRPV1, TRPV3, and
TRPV4 bind ATP at the ARD concave ligand-binding surface,
whereas TRPV2, TRPV5, and TRPV6 do not (Phelps et al.,
2010). Functional data have shown that ATP sensitizes TRPV1ights reserved
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TRPV2 Cryo-EM Structureand TRPV4, prevents sensitization of TRPV3, and has no direct
effect on TRPV2 and TRPV6 activity (Al-Ansary et al., 2010;
Lishko et al., 2007; Phelps et al., 2010).
In addition, Ca2+ differentially modulates the activity of TRPV
channels. TRPV1 and TRPV3 display Ca2+-dependent desensiti-
zation, which depends on Ca2+-calmodulin binding to the ARDs
and a C-terminal binding site, while TRPV4 activity is potentiated
by Ca2+-calmodulin binding at homologous sites (Gaudet, 2009;
Lau et al., 2012; Lishko et al., 2007; Phelps et al., 2010; Xiao
et al., 2008). Calmodulin is also involved in Ca2+-dependent inac-
tivation of TRPV5 and TRPV6 through direct interaction with the
C terminus of the channels (Cao et al., 2013; Derler et al., 2006;
Holakovska et al., 2011). Intracellular Ca2+ may also directly and
rapidly inhibit TRPV6 through an as yet unknown mechanism
(Niemeyer et al., 2001). Interestingly, TRPV2 desensitizes in the
presence of Ca2+, but this does not depend on Ca2+-calmodulin.
Rather, Ca2+-dependent depletion of phosphoinositides (PIs)
contributes to TRPV2 desensitization (Mercado et al., 2010).
Overall, these previous studies indicate that, despite sequence
and structural homology within the TRPV subfamily, these chan-
nels are regulated by common ligands in a diverse manner.
Further structural studies of TRPV channels are needed for
additional insight into the functional divergence of the TRPV sub-
family. Although moderate-resolution cryo-electron microscopy
(cryo-EM) structures of full-length TRPV1 and TRPV4 have been
determined (Moiseenkova-Bell et al., 2008; Shigematsu et al.,
2010), they did not provide an in-depth understanding of the
functional diversity between TRPVs. To this end, we determined
a structure of full-length TRPV2 at 13.6 A˚ resolution by cryo-EM
through optimization of protein purification, specimen prepara-
tion, and employment of several EM image processing pack-
ages. In addition, a liposome-reconstituted system was used
to determine the single-channel properties of TRPV2, confirming
its functionality. Overall, the EM map of functional TRPV2 dis-
played a ‘‘hanging gondola’’ architecture similar to other TRPV
channels (Moiseenkova-Bell et al., 2008; Shigematsu et al.,
2010). At this resolution, the TRPV2 map also revealed details
of the channel domain architecture, most importantly the posi-
tion and orientation of the N-terminal ARDs in the full-length
structure. Fitting of the ARDs into the EMmap provided an expla-
nation for the unique regulatory mechanisms of each TRPV
family member. The placement of MlotiK1 TM domain crystal
structure, a prokaryotic nucleotide-regulated K+ channel, into
the TRPV2 EMmap confirmed the predicted structural homology
between TRP channels and K+ channels (Kalia and Swartz,
2013). Based on this study, we propose that our TRPV2 EM
structure provides a model for the general architecture of the
TRPV subfamily.
RESULTS
Functional Analysis of Purified TRPV2 Channel
We tested several TRPV channel homologs for structural anal-
ysis and found that rat TRPV2 gave the best expression in
S. cerevisiae. Through extensive screening of buffers and deter-
gents, we determined that the maltose-neopentyl glycol (MNG)
class of detergents stabilizes rat TRPV2 as a functional tetramer
(Figure S1A available online). Recently it has been found that
these newly synthesized low-critical micelle concentration de-Structure 22, 26tergents are optimal for extraction, long-term stabilization, and
structure determination of several membrane proteins (Chae
et al., 2010). These detergents form a large micelle belt around
the TM domain of pure membrane proteins visible in EM micro-
graphs (Jastrzebska et al., 2013; Westfield et al., 2011). In addi-
tion, membrane proteins purified in MNG detergents display a
higher molecular weight, adding approximately 60 kDa per
protein monomer (Jastrzebska et al., 2013). After immunoaffinity
purification of TRPV2, size-exclusion chromatography (SEC)
and native gel electrophoresis revealed that a homogenous
sample was obtained with an approximate molecular weight of
600 kDa (Figure S1A). This mass accounts for the 360 kDa
TRPV2 tetramer and 240 kDa of detergent mass. The cryo-EM
structures of TRPV1 and TRPV4were determined using common
maltoside detergents, such as decyl-b-D-maltoside (DM) and
dodecyl-b-D-maltoside (DDM) (Moiseenkova-Bell et al., 2008;
Shigematsu et al., 2010). During detergent screens, we observed
that TRPV2 purified in DM or DDM exists in multiple aggregating
states confirmed by native gel electrophoresis after SEC (Fig-
ure S1B), suggesting that TRPV2 purified in these detergents is
not suitable for structural analysis.
Among the thermoTRPV channels, probenecid, a uricosuric
agent, has been shown to specifically activate TRPV2 (Bang
et al., 2007), and trivalent cations such as Gd3+ and La3+ are
potent blockers of TRPV2-mediated currents (Leffler et al.,
2007). To determine the functionality of purified TRPV2, the
channel was reconstituted into preformed asolectin liposomes
and electrophysiological measurements were made from
excised patches in the inside-out configuration. In the presence
of 100 mM probenecid in the pipette, robust single-channel cur-
rents were observed, displaying very little desensitization. These
currents showed a rapid block upon application of 100 mMGdCl3
that was fully reversible during wash-off (Figure 1A). Currents
recorded at different holding potentials showed widely differing
kinetics for inward and outward currents (Figure 1B). While in-
ward currents were long bursts of high-open probability and
infrequent visits to the nonconducting state, the outward cur-
rents were characterized by very fast flickers (Figure 1B). A
plot of single-channel currents as a function ofmembrane poten-
tial yields a conductance of 304 ± 4 pS. These results demon-
strate that purified TRPV2 retains functional properties.
Imaging and Map Building
To determine the structure of functional, purified TRPV2,
concentrated protein (2.5 mg/ml) was cryogenically frozen on
grids and imaged on a Tecnai F20 (200 keV) cryo-electron micro-
scope. Micrographs displayed a monodisperse distribution of
TRPV2 (Figure 2A). From a set of 650 micrographs, 23,051 par-
ticles were manually picked using the boxer subroutine of
EMAN2 (Tang et al., 2007). Reference-free class averages
generated with IMAGIC (van Heel et al., 1996) revealed represen-
tative top, bottom, and side views of the channel (Figure 2B).
Four-fold symmetry was observed in raw images and in
reference-free class averages, consistent with the predicted
overall channel topology (Figures 2A and 2B). Initial 3D models
were generated both with and without imposed symmetry
using IMAGIC (Figures S2A and S2B, related to Figure 2).
The initial model without imposed symmetry displayed approxi-
mate 4-fold symmetry (Figure S2A, related to Figure 2), and0–268, February 4, 2014 ª2014 Elsevier Ltd All rights reserved 261
Figure 1. Single-Channel Properties of
Liposome-Reconstituted TRPV2
(A) Excised inside-out patches of proteoliposomes
containing TRPV2 channels. The channels were
activated by 100 mM probenecid (PRB) in the
pipette. Single-channel currents were recorded
under symmetrical KCl concentrations (150 mM)
and the membrane potential was held at +50 mV.
Channel activity was blocked by 100 mM GdCl3
applied using a rapid solution exchanger.
(B) Representative single-channel traces mea-
sured at indicated membrane potentials. Current-
voltage relationship showed a single-channel
conductance of 304 ± 4 pS (n = 4).
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TRPV2 Cryo-EM Structurereprojections resembled the matching class averages (Fig-
ure 2C). Further refinement was performed with FREALIGN (Gri-
gorieff, 2007) and the 3D Fourier Space programs (http://www.
sickkids.ca/research/rubinstein; Benlekbir et al., 2012). Topo-
logically similar refined models were obtained using these pro-
grams (Figures S2C–S2E, related to Figure 2). The final map
has a resolution of 13.6 A˚ at the 0.143 threshold from the gold-
standard Fourier Shell correlation (FSC) curve (Figure 2D; Fig-
ure S3, related to Figure 2).
Overall Map Features
TRPV2 functions as a tetramer (Li et al., 2011). Each monomer
contains 761 residues, with a large N-terminal region of 389
amino acids, a smaller 250-residue TM domain, and a 122-resi-
due C-terminal region. The 3D structure of TRPV2 reveals a
‘‘hanging gondola’’ architecture consistent with the cryo-EM
structures of full-length TRPV1 and TRPV4 (Moiseenkova-Bell
et al., 2008; Shigematsu et al., 2010) (Figure 2D). The TRPV2
structure displays an overall height of 115 A˚, which is more
compact than the previously determined structures of other
thermoTRPV channels with larger molecular masses. The pre-
dicted TM domain of TRPV2 is 55 A˚ in height and 135 A˚ in width
and the cytosolic region is 60 A˚ in height and 125 A˚ in width. At
this resolution, the overall architecture of the cytoplasmic region
of a TRPV channel is clearly resolved, displaying a petal-like
shape (Figure 2D). The TRPV2 3Dmap exhibits a subtle handed-
ness (Figure 2D). A data set of tilt-pair projections, together with
the Tiltdiffmulti program (Henderson et al., 2011), validated that
the TRPV2 cryo-EMmap is displayed with the correct hand (Fig-
ure S4, related to Figure 2).
Currently, the only high-resolution structural information avail-
able for TRPV2 comes from a crystal structure of the N-terminal
ARD (Jin et al., 2006). The rat TRPV2 ARD consists of six ankyrin
repeats (residues 75–321), accounting for 63% of the N-terminal
region (Jin et al., 2006). To analyze the cytoplasmic region of the262 Structure 22, 260–268, February 4, 2014 ª2014 Elsevier Ltd All rights reservedTRPV2 3D map, the TRPV2 ARD struc-
ture (Protein Data Bank [PDB] ID code:
2ETB) was fitted into the EM map using
Colores in the Situs package (Chaco´n
and Wriggers, 2002). The four ARDs
unambiguously occupy most of the cyto-
plasmic density in the TRPV2 EM map
(Figure 3A). The best fit for the ARDs as
determined by Colores has the b-hairpinloops, which compose the concave ligand-binding surface,
facing outward (Figures 3A and 3B). This fit would allow for
ligands to interact with the ARDs with limited steric interference.
The unoccupied densities on the tips of the petals likely corre-
spond to the first 70 amino acids at the TRPV2 N terminus (Fig-
ure 3B). The last 68 residues of the TRPV2 N terminus (linker
region) likely occupy a portion of the space between the ARD
and the TM domain in the map (Figures 4C and 4D; Figure S5,
related to Figure 4).
It has been shown previously that surface charge is important
for complex formation between ARDs and other proteins and
ligands (Nakamura et al., 2007). Biochemical studies have re-
vealed that the TRPV subfamily members interact with different
soluble ligands and proteins (Phelps et al., 2010). The electro-
static surface potential (Baker et al., 2001) of the four TRPV2
ARDs as they were fitted in the EMmap shows a cluster of nega-
tively charged residues facing the cytoplasm (Figures 3C and
3D). We hypothesized that the surface charge of the ARDs
may be essential for differential ligand and protein binding
among TRPVs. When the available structures of the ARDs of
TRPV1 (PDB code: 2PNN), TRPV4 in the presence of ATP
(PDB code: 4DX2), and TRPV4 in the absence of ATP (Inada
et al., 2012; PDB code: 4DX1) were fitted into the TRPV2 EM
map using Colores (Figures S6A–S6C, related to Figure 3), all
structures displayed reduced overall negative charge compared
to the TRPV2 ARDs (Figures 3C and 3D). The TRPV4 ARDs in
particular displayed a large positively charged surface facing
the cytoplasm (Figures S6B and S6C, related to Figure 3).
TRPV6, like TRPV2, displays constitutive activity (Vennekens
et al., 2000). Therefore, regulated plasma membrane insertion
of these channels is thought to be important for their function
(Kanzaki et al., 1999; van de Graaf et al., 2006). Intriguingly,
despite only 21% homology between TRPV2 and TRPV6, the
TRPV6 ARDs (Phelps et al., 2008; PDB code: 2RFA) fitted into
the TRPV2 map displayed a negatively charged surface facing
Figure 2. Cryo-EM Imaging and Reconstruction of TRPV2
(A) Cryo-electron micrograph of monodisperse TRPV2 particles. White boxes
represent typical views of TRPV2. Scale bar, 100 nm.
(B) Representative reference-free class averages of TRPV2 generated in
IMAGIC (van Heel et al., 1996).
(C) Reprojections of the initial 3D model without imposed symmetry corre-
sponding to the reference-free class averages.
(D) Side views, top view, and bottom view of the cryo-EM reconstruction of
TRPV2 at 13.6 A˚ resolution. The structure shows a well-defined cytoplasmic
region that displays a petal-like arrangement. The dashed lines represent the
plasma membrane. Scale bar, 25 A˚.
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TRPV2 Cryo-EM Structurethe cytoplasm similar to the TRPV2 ARDs (Figure S6D, related to
Figure 3). Previous reports indicate that ATP binds to the ARDs of
TRPV1 and TRPV4 and sensitizes the channels, while ATP has
no direct effect on TRPV2 and TRPV6 activity (Lishko et al.,
2007; Phelps et al., 2010). The negatively charged cytosolic clus-
ter on TRPV2 and TRPV6 likely prevents ATP binding and sensi-
tization of the channel. This analysis suggests that variations in
the surface charge of individual TRPV ARDs may contribute to
their differences in ligand binding and channel trafficking and
regulation.Structure 22, 26To analyze the TM domain of the TRPV2 map, we fitted the
X-ray structure of the nucleotide-regulated potassium channel
MlotiK1 (Clayton et al., 2008; PDB code: 3BEH) into the pro-
posed TM region using Chimera (Figure 4A). It has recently
been suggested that the TM domains of TRPV channels more
closely resemble the TM structure of MlotiK1 than other K+ chan-
nels for which high-resolution structural information is available
(Kalia and Swartz, 2013; Shigematsu et al., 2010). The MlotiK1
structure fits well into the observed central densities of the TM
region of the EM map (Figures 4A and 4B; see also Figure S5).
Moreover, we resolved extra density around the central TM re-
gion, which likely corresponds to an MNG detergent micelle
belt (Figure 4B; see also Figure S5). The belt forms an uneven
15–20 A˚ ring around the central TM density in the EM map (Fig-
ures 4A and 4B; see also Figure S5). This feature of an MNG
detergent belt has been observed in other membrane protein
structures determined by cryo-EM (Jastrzebska et al., 2013;
Westfield et al., 2011). In addition, this result is consistent with
our biochemical data indicating a significant added mass attrib-
uted to MNG (see also Figure S1A).
The C-terminal region of TRPV channels is an important
modular domain that contains the conserved TRP box sequence
(IWKLQK) and interacts with Ca2+-calmodulin and PI(4,5)P2
(Ufret-Vincenty et al., 2011). The structure of a 12-amino-acid
C-terminal peptide derived from TRPV1 interacting with Ca2+-
calmodulin is the only C-terminal structural information from
TRPV channels available to date (Lau et al., 2012). Due to the
lack of the structural information on the TRPV2 C terminus, we
predicted that the 122 residues of the TRPV2 C terminus would
fit into the 3D EM density between the TM region fitted with
MlotiK1 structure and the N-terminal ARDs fitted into the cyto-
plasmic region of the channel, along with the linker region of
the N terminus (Figures 4C and 4D; see also Figure S5).
DISCUSSION
Here, we present a 13.6 A˚ structure of a full-length TRPV2 chan-
nel solved by cryo-EM. To produce a suitable cryo-EM spec-
imen, the MNG class of detergents was used during extraction
and purification of TRPV2. To confirm that purified TRPV2 was
functional, we reconstituted TRPV2 into proteoliposomes and
performed patch clamp electrophysiology measurements. This
system allowed us to directly measure the single-channel
conductance of TRPV2 and show that, in the presence of pro-
benecid, TRPV2 opens with high open probability and is blocked
by bath application of Gd3+. This system could potentially be
used for identification of other pharmacological agents that
modulate TRPV2 channel properties.
The cryo-EM structure of TRPV2 allowed us tomodel the cyto-
plasmic domain arrangement and fit the TRPV2 ARD crystal
structures into the 3Dmap of the full-length protein. In ourmodel,
the TRPV2 ARDs are arranged such that the b-hairpins, which
compose the concave ligand-binding surface (Binz et al., 2004;
Nakamura et al., 2007), are facing outward and exposed to the
cytoplasm (Figure 5A). This arrangement would provide access
for cytoplasmic proteins and ligands to interact with the channel
without steric hindrance from the other domains of TRPV2
(Pera´lvarez-Marı´n et al., 2013). This model indicates that the
TRPV2 ARDs do not interact with one another, consistent with0–268, February 4, 2014 ª2014 Elsevier Ltd All rights reserved 263
Figure 3. N-Terminal ARD Arrangement in
the TRPV2 Map
(A and B) Side view (A) and bottom view (B) of the
TRPV2 EM map with ARD crystal structures (Jin
et al., 2006; PDB ID code: 2ETB) docked by
Colores into the cytoplasmic densities. Each color
represents an individual subunit.
(C and D) Side view (C) and bottom view (D) of the
calculated ARD electrostatic potential (Baker
et al., 2001) docked into the TRPV2 map. Positive
potentials are shown in blue, negative potentials in
red. Scale bar, 25 A˚.
Structure
TRPV2 Cryo-EM Structurepreviously published reports indicating that TRPV ARDs are not
involved in channel oligomerization (Gaudet, 2008; Jin et al.,
2006).
The TRPV2 ARDs, as docked within the 3D map, revealed an
acidic cluster facing the cytoplasm (Figures 3C and 3D). This
cluster appears to be specific for TRPV2 and TRPV6 ARDs, as
the ARDs for TRPV1 and TRPV4 display more positively charged
surface potentials facing the cytoplasm (Figure S6). Crystal
structures for TRPV1 and TRPV4 ARDs revealed that ATP binds
to the ARDs via charged and hydrophobic residues in a unique
binding pocket (Lishko et al., 2007). Residues important for
ATP binding in TRPV1 are conserved in TRPV2 (Lishko et al.,
2007; Phelps et al., 2008). Therefore, some other feature of the
TRPV2 ARD likely disrupts ATP binding. We propose that the
acidic cluster present in the TRPV2 and TRPV6 ARDs may pre-
vent their interaction with negatively charged ATP. Moreover,
TRPV2 and TRPV6 display constitutive activity in the cell and
undergo Ca2+-dependent desensitization, which does not
depend on Ca2+-calmodulin binding (Cao et al., 2013; Mercado
et al., 2010; Niemeyer et al., 2001). The acidic clusters in the
TRPV2 and TRPV6 ARDs may facilitate direct interaction with
intracellular Ca2+ and regulate the activity of these channels.
In addition, different surface charge would allow TRPV2 and
TRPV6 to interact with different protein binding partners
compared to other TRPV channels, which could affect channel
function and trafficking.
ATP binding to the TRPV1 and TRPV4 ARDs has been shown
to sensitize the channels and stabilize the ARDs (Inada et al.,
2012). Intriguingly, the overall structure of the TRPV4 ARD and
its concave ligand-binding surface in the presence of ATP re-
sembles the TRPV2 and TRPV6 ARD structures (Figures 5A,264 Structure 22, 260–268, February 4, 2014 ª2014 Elsevier Ltd All rights reserved5B, and 5D). In its ATP-free form, the
concave ligand-binding surface of the
TRPV4 ARD structure is more extended
and resides outside of the TRPV2 EM
density compared to the ATP-bound
form (Figures 5C and 5D). These results
suggest that the conformation adopted
by the ARDs of TRPV2, TRPV6, and
ATP-bound TRPV4 may confer constitu-
tive channel activity.
Previous moderate-resolution cryo-
EM structures of full-length TRPV1 and
TRPV4 displayed distinguishable varia-
tions in the architecture of their respec-tive cytoplasmic regions (Figure S7; Moiseenkova-Bell et al.,
2008; Shigematsu et al., 2010). Here, we have shown that
ARDs for the TRPV subfamily fit unambiguously into the cytosolic
region of the TRPV2 EM density. Although it is possible that the
highly homologous TRPV channels adopt different structural
topologies, we propose that the TRPV2 structure presented
here represents the general architecture for the TRPV subfamily
based on fitting of the ARDs from TRPV family members into the
TRPV2 EM density map.
The previously observed structural divergences in the TRPV
channel EM maps could be due to structural flexibility of the
ARDs, which lacked ATP in sample preparation for TRPV1 and
TRPV4 (Moiseenkova-Bell et al., 2008; Shigematsu et al., 2010;
Figure S7). Computational averaging of the flexible ARDs for
TRPV1 and TRPV4 during EM reconstruction may have led to
this structural discrepancy. Moreover, based on our experi-
mental observations, MNG detergents preserve structural and
functional stability of TRPV channels, whereas commonly used
maltoside detergents, DMandDDM, are not as suitable formain-
taining long-term TRPV protein integrity (Figure S1B). The pres-
ence of possible heterogeneity in TRPV1 and TRPV4 samples
after purification in maltoside detergents together with low-
contrast imaging potentially affected cryo-EM reconstructions
of these channels (Moiseenkova-Bell et al., 2008; Shigematsu
et al., 2010). The higher contrast and greater overall stability of
TRPV2 in MNG detergent likely contributed to the structure
determination of full-length TRPV2 at higher resolution.
In summary, our structural and functional analyses of TRPV2
have provided insight into the general architecture for the
TRPV subfamily and revealed possible explanations for the func-
tional diversity among subfamily members. Specific higher
Figure 4. Fitting of Homologous TMDomain
Structure and Prediction of the Location of
the MNG Detergent Belt, N-Terminal Linker
Region, and C Terminus in the TRPV2 Map
(A) Crystal structure of the MlotiK1 TM domain
(Clayton et al., 2008; PDB ID code: 3BEH) docked
into the central TM density of the TRPV2 EM map.
The extra density around the central TM region
outlined in dark gray (labeled as D) represents the
uneven 15–20 A˚ MNG detergent belt. Dashed line
represents the cross-section depicted in (B).
(B) A cross-section through the TM domain clearly
shows the detergent belt (in mesh labeled as D)
relative to the central density where the MlotiK1
TM domain was docked. More cross-sections
through the TM region of the density are shown in
Figure S5.
(C) Side view of the TRPV2 EM map fitted with the
MlotiK1 TM domain and TRPV2 ARD crystal
structures. Dashed box represents the possible
location of the TRPV2 N terminus linker region and
C terminus. A cross-section of this segment is
depicted in (D) and marked with asterisks.
(D) A cross-section through the TRPV2 structure
showing the possible location of the TRPV2
N terminus linker region and C terminus. More
cross-sections through this portion of the EM
density are shown in Figure S5. Scale bar, 25 A˚.
Structure
TRPV2 Cryo-EM Structureresolution structural information for each TRPV subfamily mem-
ber will serve to further delineate the differential modulation by
endogenous ligands.
EXPERIMENTAL PROCEDURES
TRPV2 Expression and Purification
Rat TRPV2 with a 1D4-tag was cloned into a YepM plasmid and overex-
pressed in BJ5457 S. cerevisiae (ATCC). TRPV2 membranes were prepared
and solubilized in 0.087% w/v lauryl MNG (Anatrace), 20 mM HEPES (pH
8.0), 150mMNaCl, 5% glycerol, 1.0 mMdithiothreitol (DTT), and 1mMphenyl-
methanesulfonylfluoride (PMSF) for 1 hr at 4C. The insoluble fractions were
pelleted by ultracentrifugation at 100,000 g, 4C for 45 min. The soluble frac-
tion containing TRPV2 protein was incubated overnight at 4C with cyanogen-
bromide-activated Sepharose 4B coupled with 1D4 antibody. The columnwas
packed and washed with washing buffer consisting of 0.006% decyl MNG
(Anatrace), 20 mM HEPES (pH 8.0), 150 mM NaCl, and 1 mM DTT. The
TRPV2 protein was eluted with 3 mg/ml 1D4 peptide (Genescript USA) in
washing buffer, concentrated, and subjected to SEC.
Single-Channel Properties of Reconstituted TRPV2
Electrophysiological measurements were made by patch clamp recordings in
reconstituted proteoliposomes, as described earlier (Chakrapani et al., 2007;
Cortes et al., 2001; Delcour et al., 1989; Velisetty and Chakrapani, 2012). A
total of 20 mg soybean polar extract (Avanti polar lipids) in chloroform was
dried in nitrogen stream and sonicated in a buffer containing 200 mM KCl
and 10 mM 3-(N-morpholino)propanesulfonic acid (MOPS) at pH 7.0. The lipo-
somes (at 10 mg/ml concentration) were destabilized by adding 4 mM DDM
and were gently agitated for 20 min. Purified TRPV2 was added to the vesicles
(in 1:50 [w/w] protein to lipid ratio) and nutated for to 2 hr. Residual detergent
was removed by incubation with biobeads (Bio-Rad Laboratories) overnight at
4C. Channel-incorporated liposome suspension was then centrifuged for 2 hr
at 100,000 g and the pellet was resuspended in 60 ml of KCl/MOPS buffer. A
drop of the proteoliposome was placed on a glass slide and dried overnightStructure 22, 26in a desiccator at 4C. The sample was then rehydrated with 20 ml of buffer,
which yielded giant liposomes. This preparation was suitable for patch clamp
recordings after 2 hr. Currents were recorded in 150 mM KCl and 10 mM
MOPS at pH 7.0. Recording pipettes were pulled from thin-walled borosilicate
glass and heat polished such that they had a bath resistance of 1–2 MU. The
pipette solution had 100 mM probenecid in a buffer containing 150 mM KCl,
2 mM CaCl2, and 10 mM MOPS, pH 7.0. All measurements in this study
were conducted in the inside-out patch configuration with a bath solution con-
taining 150 mM KCl, 10 mMMOPS, and pH 7.0. Experiments were performed
at room temperature (20C–22C). Pore blockers were applied using RCS-200
fast solution exchanger (Biologic) fed by gravity. Single currents were acquired
at 20 kHz and filtered at 5 kHz using Axon 200-B patch-clamp amplifier
(Molecular Devices). In the presence of probenecid, most excised patches
had multiple overlapping channel activities. Only those recordings with
single-open channel were used for further analysis.
Cryo-EM Preparation
Purified TRPV2 was frozen onto Quantifoil R2/1 copper grids (Quantifoil Micro
Tools; 400 mesh) using the Vitrobot (FEI). Data were acquired on an FEI Tecnai
F20 TWIN microscope operated at 200 keV under low-dose conditions
(15 electrons/A˚2). Images were collected at a nominal magnification of
62,0003 at various defocus values between 1.5 and 3 mm and were re-
corded with a Tietz TemCam-F416 complementary metal oxide semicon-
ductor-based camera (4k 3 4k).
Single-Particle Reconstruction and Modeling
The EMAN2 (Tang et al., 2007) boxer routine was used to pick 23,051 particle
images from 650 micrographs and to generate a particle stack. The stack was
binned by factors of two and four, yielding pixels of 2.7 A˚ and 5.3 A˚, respec-
tively, for image processing. Initial estimates for microscope defocus and
astigmatism parameters were calculated with CTFFIND3 (Mindell and Grigor-
ieff, 2003). The bin4 images were filtered, normalized, and band-pass filtered
(120–15 A˚) prior to reference-free multivariate statistical analysis classification
in IMAGIC (van Heel et al., 1996). The IMAGIC C1-Startup routine was used to
generate an initial 3D model without imposed symmetry. As this initial 3D0–268, February 4, 2014 ª2014 Elsevier Ltd All rights reserved 265
Figure 5. Comparison of TRPV ARD Structures Fitted into the TRPV2 EM Map
Surface representation of the MlotiK TM domain (brown; PDB ID code: 3BEH) and (A) TRPV2 ARDs (PDB ID code: 2ETB), (B) TRPV6 ARDs (PDB ID code: 2RFA),
(C) TRPV4 ARDs in the absence of ATP (PDB ID code: 4DX1), and (D) TRPV4 ARDs in the presence of ATP (PDB ID code: 4DX2), fitted into the EM map. The
concave ligand-binding surface on the ARDs is highlighted in red (TRPV2), purple (TRPV6), yellow (TRPV4 ATP-free), and blue (TRPV4 ATP-bound). The ATP
molecule is represented in orange and Ca2+ ions are represented in green.
Structure
TRPV2 Cryo-EM Structuremodel displayed approximate 4-fold symmetry, a 3D model was also gener-
ated with imposed C4 symmetry. The two IMAGIC-generated maps were
used as input 3D models for angular search and refinement of the unclassified
particle images with FREALIGN (Grigorieff, 2007). The FREALIGN search and
refinement procedure was carried out in parallel using either C1 or C4 symme-
try and was first performed on the bin4 stack and subsequently on the bin2
stack. The final resolution was 19 A˚ at the FSC 0.5 threshold for the FREALIGN
C1-refined 3D map and 15 A˚ at the FSC 0.5 threshold for the FREALIGN
C4-refined 3D map.
The FREALIGN C4 symmetrized map was used as the input 3D model for
angular search and refinement with the 3D Fourier Space programs (http://
www.sickkids.ca/research/rubinstein; Benlekbir et al., 2012), which incorpo-
rate the gold-standard refinement scheme (Scheres and Chen, 2012). The
3D Fourier Space refinement procedure was carried out in parallel using either
C1 or C4 symmetry. The final C1 3D Fourier Space refined map (Figure S2E,
related to Figure 2) has a resolution of 20 A˚ at the 0.143 threshold of the
gold-standard FSC curve (25 A˚ at the 0.5 threshold). For processing with sym-
metry, C4 symmetric odd and even maps were calculated at the end of each
round with FREALIGN in iflag = 0 mode. The 3D Fourier Space cross correla-
tion (CC) values were converted into FREALIGN-style phase residuals with the
following equation: phase residual = 100CC value. AC4 symmetric final map
based on the full data set was calculated at the end of the last refinement266 Structure 22, 260–268, February 4, 2014 ª2014 Elsevier Ltd All rround. The final structure is based on all 23,051 particles and has a resolution
of 13.6 A˚ at the 0.143 threshold of the gold-standard FSC curve (19 A˚ at the 0.5
threshold). The final map is shown sharpened with a B-factor of1,000 A˚2 and
filtered with the Cref filter (Rosenthal and Henderson, 2003). The cryo-EM
structure has been deposited in the EM Data Bank (EMD-5688).
The electrostatic potential surfaces for the N-terminal TRPV2 ARDs, TRPV1
ARDS, and TRPV4 ARDs were calculated using Adaptive Poisson-Boltzmann
Solver (Baker et al., 2001). Fitting of the TRPV1, TRPV2, TRPV4, and TRPV6
ARD crystal structures was perform using Colores in the Situs package
(Chaco´n and Wriggers, 2002). Visualizations and MlotiK1 crystal structure
fitting into the TRPV2 EM map were performed using UCSF Chimera software
(Pettersen et al., 2004).
TRPV2 Structure Hand Determination
Tilt-pair cryo-electron micrographs were collected at tilt angles of 0 and 20
using an FEI Titan Krios at 120 keV and magnification of 59,0003 with a
10 electron/A˚2 dose on an FEI 4k3 4k charge-coupled device detector. A total
of 186 tilt-pair particle images were selected and binned by a factor of four,
yielding a pixel size of 5.4 A˚ for image processing. The tilt axis, defocus, and
astigmatism estimations for the tilted micrographs were calculated using
CTFTILT, whereas CTFFIND3 was used for the defocus and astigmatism
estimations for the untilted micrographs. The orientational parameters wereights reserved
Structure
TRPV2 Cryo-EM Structuredetermined independently for both the 0 and 20 particle images using
FREALIGN search and refinement procedures with imposed C4 symmetry
and with a resolution range of 150–18 A˚, as recommended by Henderson
et al. (2011). The parameter files for the 0 and 20 particle images served
as input to Tiltdiffmulti, a program designed to determine the best tilt axis
and tilt angle relating two views of a particle (Henderson et al., 2011). A tilt-
pair parameter plot (TPPP) was generated for TRPV2, and it reveals a cluster
of points centered around a tilt axis of 270 and a tilt angle of 20 (Figure S4,
related to Figure 2).
A simulated tilt-pair data set was generated using a protein with a known and
distinct handedness, Cand1 (PDB ID code: 1U6G; Goldenberg et al., 2004), as
described by Williams et al. (2008). The simulated tilt-pair data set was put
through the same particle selection, search and refinement, and TPPP analysis
scheme as the TRPV2 tilt-pair data set. The simulated data analysis, which
was performed with a 3D search model of the correct hand, yielded a TPPP
plot with a cluster centered at a tilt axis of 270 and a tilt angle of 20, as found
for TRPV2. The convergence of the clusters for the simulated and experimental
data sets suggests that the hand of the TRPV2 map is correct.ACCESSION NUMBERS
The EM Data Bank accession number for the rat TRPV2 structure reported in
this paper is EMD-5688.SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and can be found with this
article online at http://dx.doi.org/10.1016/j.str.2013.11.008.
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